The behavioural and neurofunctional consequences of blindness are becoming increasingly well established, and it has become evident that the amount of reorganization is directly linked to the behavioural adaptations observed in the blind. However investigations of potential neuroanatomical changes resulting from blindness have yielded conflicting results as to the nature of the observed changes, because apparent loss of occipital tissue is difficult to reconcile with observed functional recruitment. To address this issue we used two complementary brain measures of neuroanatomy, voxel-based morphometry and magnetization transfer imaging, with the latter providing insight into myelin concentration through the magnetization transfer ratio. Both early and late blind, as well as sighted control subjects participated in the study and were tested on a series of auditory and tactile tasks to provide behavioural data that we could relate to neuroanatomy. The behavioural findings show that the early blind outperform the sighted in four of five tasks, whereas the late blind do so for only one. Moreover, correlations between the auditory and tactile performance of early blind individuals seem to indicate that they might benefit from some general-purpose compensatory plasticity mechanisms, as opposed to modality-specific ones. Neuroanatomical findings reveal three key findings: (i) occipital regions in the early blind have higher magnetization transfer ratio and grey matter concentration than in the sighted; (ii) behavioural performance of the blind is strongly predicted by magnetization transfer ratio and grey matter concentration in different occipital regions; and (iii) lower grey matter and white matter concentration was also found in other occipital areas in the early blind compared to the sighted. We thus show a clear dissociation between anatomical changes that are direct result of sensory deprivation and consequent atrophy, and those related to compensatory reorganization and behavioural adaptations. Moreover, the magnetization transfer ratio results also suggest that one mechanism for this reorganization may be related to increased myelination of intracortical neurons, or perhaps of fibres conveying information to and from remote locations.
Introduction
The human brain shows a remarkable capacity to modify its organization and its functions in response to external demands. In neurologically intact subjects, these changes occur during regular maturation and learning. In individuals with sensory loss as a result of peripheral damage, such as blind individuals, these normal changes are also accompanied by modifications that allow them to adapt and possibly compensate for their loss through other sensory modalities. Therefore, the blind constitute excellent models for the plastic nature of the brain (Bavelier and Neville, 2002; Pascual-Leone et al., 2005) , and studying their cognitive and neurological functioning allows us to understand how a drastic environmental factor-sensory deprivation-affects brain anatomy and function, and hence cognitive/behavioural abilities.
The behavioural and neurofunctional consequences of blindness are becoming increasingly well established. Performance in nonvisual tasks (e.g. auditory and tactile) is often reported to be higher in blind individuals compared to sighted ones (see Theoret et al., 2004; Voss et al., 2010 for review) , suggesting that blind individuals are able to compensate for their visual loss by developing heightened abilities in their remaining senses. In parallel, other groups have investigated how blindness affects brain function, beginning with the influential studies of WanetDelphaque et al. (1988) and Veraart et al. (1990) showing elevated resting state metabolic activity in the visual cortex of blind individuals. Subsequent studies have shown that the occipital cortex of blind individuals responds differently to non-visual stimulation. In sighted individuals, reduced activity is typically observed in the occipital cortex when auditory or tactile stimuli are presented (Kawashima et al., 1995; Shulman et al., 1997; Laurienti et al., 2002; Johnson and Zatorre, 2005) , whereas the opposite phenomenon is observed in the blind, where auditory and tactile input has been shown to lead to occipital activation (see Merabet and Pacual-Leone, 2010; Voss et al., 2010 for review) . Importantly, it has been shown on numerous occasions that both phenomena are intrinsically linked, as evidenced by the strong link between occipital functioning and behavioural abilities in the blind (Cohen et al., 1997; Rö der et al., 2002; Gougoux et al., 2005; Collignon et al., 2007; Stevens et al., 2007) .
Potential neuroanatomical changes resulting from blindness have remained largely unexplored until recently. A subjective analysis of MRI images of congenital blind individuals led Breitenseher et al. (1998) to conclude that although there was noticeable atrophy of the visual pathways, the visual cortex seemed unchanged. Similarly, using a magnifying glass to estimate morphological changes along the calcarine sulcus in T 1 -weighted magnetic resonance images, Kitajima et al., 1997 reported significant atrophy along the calcarine bank in patients with retinal degeneration. The first study to use an objective measure of the structural integrity of visual structures was that of Noppeney et al. (2005) using voxel-based morphometry (VBM). The authors found grey and white matter reductions in the optic chiasm, optic radiations and extrastriate visual areas, while observing white matter increases in tracts of the sensory-motor system. Also using VBM, Pan et al. (2007) and Ptito et al. (2008) found similar white and grey matter decreases, with the latter also finding white matter decreases in the splenium of the corpus callosum and grey matter decreases in the lateral geniculate body and the pulvinar of the thalamus, all structures with well-established roles in visual processing. Several groups have also used diffusion tensor imaging and have shown significant atrophy in the geniculocortical tracts and significant alterations in occipital white matter (Shimoney et al., 2006; Park et al., 2007; Bridge et al., 2009; Shu et al., 2009) . Using tensor-based morphometry, Lepore et al. (2010) also showed significant volume reductions of occipital areas as well as in the posterior corpus callosum.
In contrast with the findings of grey matter reduction, the recent development of tools to measure cortical thickness (MacDonald et al., 2000; Lerch and Evans, 2005) has allowed several groups to show that blind individuals possess thicker occipital cortex than do sighted individuals (Bridge et al., 2009; Jiang et al., 2009; Park et al., 2009) . These findings raise a number of questions, notably the apparent discrepancy between different measures of anatomical integrity. Perhaps the most critical question is whether these changes represent atrophy associated with deafferentation or are markers of neural plasticity and reorganization. To address this issue, in a recent study we investigated whether the finding of increased cortical thickness in the early blind could constitute a neuroanatomical correlate of behavioural/perceptual enhancement. We showed that the cortical thickness in occipital areas was predictive of behavioural performance, more so than the thickness of any other cortical area (Voss and Zatorre, 2012) . Hence, this finding constitutes a clear dissociation between anatomical changes that are related to compensation, as opposed to those related to sensory deprivation and consequent atrophy.
There are ample other illustrations of how regional brain structure can be linked to behaviour, stemming from several different research fields (see Zatorre et al., 2012 for review). The highlighted studies strongly suggest that the specific distribution of white matter and grey matter in certain cerebral areas can significantly alter the efficiency of the neural processing in such areas, relative to specific demands. Therefore one of our goals in the present study was to investigate this issue and to be able to identify neuroanatomical features that predict performance across different sensory modalities, which has not been done to date. This would allow for the assessment of whether blind individuals benefit from general modality-independent compensatory neuroanatomical changes or if such changes are limited to one modality because of reorganization or use-dependent constraints. Another focus of the present study was to attempt to tease apart neuroanatomical changes that are associated with compensatory neuroplasticity from those that are the result of disuse atrophy. Although there is evidence supporting both sets of findings in the literature (as cited above), their co-occurrence within the same subject sample of blind individuals has yet to be established. Finally, an important goal in the present study was to compare changes in both grey matter and white matter in the same population, and relate them to behavioural enhancements, something that has also not yet been accomplished.
To examine this issue, we used two complementary brain measures of neuroanatomy, VBM and magnetization transfer imaging. VBM provides an objective bias-free method of testing for grey and white matter concentration differences across the whole brain (Ashburner and Friston, 2000) ; however it remains a very nonspecific measure of anatomical change as it does not provide detailed information on the nature of the changes. In contrast, magnetization transfer imaging is believed to reflect a more specific aspect of brain anatomical organization, the presence of large lipid macromolecules, of which the most prominent are those in myelin. Indeed, magnetization transfer imaging has proven useful in providing an index of myelin content throughout the entire brain volume via the magnetization transfer ratio (MTR) (Schmierer et al., 2004) , and has often been used in the study of neurodegenerative diseases of myelin, notably for multiple sclerosis (Filippi and Agosta, 2007; Giacomini et al., 2009) . MTR has been shown to provide a reliable and histopathologically validated means for identifying changes in tissue properties indicative of demyelination and remyelination (Zaaraoui et al., 2008) . Interestingly, magnetization transfer imaging has been seldom used in other populations, and to our knowledge never to investigate the effects of sensory loss and subsequent compensatory neuroplastic changes. This multimodal imaging approach allows us to determine whether white matter neuroanatomical changes detected using VBM could be because of or be accompanied by changes in myelination. We hypothesized that we would observe dichotomous neuroanatomical changes within typically visual areas of the blind, some of which relate to structural atrophy consequent to the loss of visual input, and others reflecting plastic compensatory changes that underlie behavioural enhancements observed in auditory and tactile tasks. To obtain behavioural correlates, we obtained performance measures from all our subjects on three auditory and two tactile tasks, designed to test perceptual abilities on which the blind were likely to outperform the sighted based on past findings (Voss and Zatorre, 2012) .
Importantly, we chose to investigate these issues in both earlyand late-onset blind individuals. Although late blind individuals have often been included in functional neuroimaging studies, little is known about the anatomical integrity and organization of their 'visual' brain. We hypothesize that neuroanatomical changes will be less pronounced in the late than in the early blind, as they have, on average, been blind for a shorter period of time allowing for less disuse-related atrophy, and because the brain is generally less plastic in adulthood and would therefore limit the amount of observable compensatory neuroanatomical changes.
Materials and methods

Subjects
Forty-nine participants initially took part in the study. Three were excluded from all analyses (all were early-blind individuals). Two were discarded because of severe motion artefacts, and one because of the presence of congenital hydrocephaly. Blind subjects were divided into two groups based on the age of onset of blindness, to ascertain its effect on the different measures obtained. Fourteen early blind (38.2 AE 13.8 years of age), 12 late blind (48.4 AE 8.7 years) and 19 sighted subjects (37.6 AE 12.0 years) participated in the study. The cut-off point between both blind groups was based on the age at which synaptic density in the visual cortex normally reaches adult levels, generally by 5 years of age (Johnson, 1997) . Demographic data and causes of blindness are summarized in Table 1 . In each case of blindness, the visual deficit resulted from anomalies in peripheral structures with no neurological deficits, and led to total blindness except for minimal residual light sensitivity in five late blind subjects and in four early blind subjects. The early blind had an average age of onset of blindness of 0.5 AE 1.2 years and an average duration of blindness of 37.7 AE 14.3 years, whereas these values for the late blind were 29.4 AE 15.4 years and 17.5 AE 10.6 years, respectively. Audiometric thresholds were assessed for all participants and indicated normal and comparable hearing in both ears. Given the potential influence of musical training on the tasks, we compared the number of years of formal training in each group: early blind (4.78 AE 4.54 years), late blind (1.69 AE 2.05 years) and sighted (3.47 AE 6.11 years); only one early blind and one sighted subject had chosen a career in the musical field and could therefore be considered as a professional musician. An ANOVA confirmed the absence of any statistical difference in the number of years of formal musical training between groups (F = 1.406, P = 0.256). All subjects gave written informed consent in accordance with the guidelines approved by the Montreal Neurological Institute and the Nazareth and Louis-Braille Institute (NLBI) for the blind. The research protocols were approved by the ethics committees of the Centre de Recherche Interdisciplinaire en Ré adaptation (CRIR), which coordinates research with blind subjects sponsored by the Nazareth and Louis-Braille Institute (NLBI) for the blind, and by the research ethics board of the Montreal Neurological Institute, where the scanning procedures were carried out. During testing, all subjects wore a blindfold to avoid any impact that visual stimulation (sighted) and residual light perception (blind) could have on the results. During breaks and between tasks, subjects were instructed to remove the blindfold to avoid any behavioural (Kauffman et al., 2002; Facchini et al., 2003; Lewald, 2007) or neural long-term effects of sensory deprivation in the sighted (Boroojerdi et al., 2000; Weisser et al., 2005; Pitskel et al., 2007; Merabet et al., 2008) .
Behavioural tasks
Three different auditory behavioural measures were obtained. The first was a pitch discrimination task, whereas the other two were a simple melody discrimination task and a transposed melody discrimination task taken from Foster and Zatorre (2010) . These pitch and melody tasks were originally selected on the basis that they were likely to be sensitive to blind people's enhanced tonal perception Wan et al., 2010) .
All auditory tasks were administered by a computer running Presentation software (Neurobehavioural systems) in a sound-treated room. The stimuli were presented binaurally using Sennheiser Koss headphones, driven by a RME Fireface 800 interface and amplified by a Behringer powerplay pro-8 headphone amp, and adjusted to a comfortable sound level. Task order was counterbalanced across subjects and divided into two brief sessions. Each session consisted in one repetition of each melody task, two repetitions of the pitch discrimination. The individual trials were randomized within each repetition of the task, with the exception of the pitch discrimination task that was designed to produce sensitivity thresholds by way of a staircase paradigm, whereas the melody tasks produced percentage scores. procedure (the initial difference between the two tones was stepped down after two sequential correct responses, and stepped up after a single incorrect response). This procedure produces runs of increasing and decreasing the difference between stimuli whose endpoints (reversal points) bracket the 71% threshold (Levitt, 1970) . The initial difference in frequency was 7% and the initial step factor was 2 (to converge rapidly onto the subject's approximate threshold). After two reversals, the step factor was reduced to 1.25 to determine the threshold with greater precision. One staircase run was completed after 15 reversals and the geometric mean of the value of the last eight reversals was taken as the threshold. The threshold is therefore unaffected by the choice of starting difference, because the first seven endpoints are not entered into the calculation. Four separate interleaved runs were conducted for each subject and averaged to produce the final value.
Simple melody discrimination task
Subjects were instructed to determine whether two sequential melodies were identical or different by responding with a button press on a two-button mouse. The sequences were composed of 5 to 13 elements and each element had a 320 ms duration. All stimuli were unfamiliar melodies in the Western major scale. On half the trials (different trials), the pitch of a single note was changed anywhere in the melody by up to AE5 semitones (median of two semitones). The change maintained the key of the melody as well as the melodic contour.
Transposed melody discrimination task
This task was identical to the previous task with two exceptions. First, all the notes of the second stimulus pattern were transposed four semitones higher in pitch (in both the 'same' and 'different' trials). Second, in 'different' trials, one note was altered by one semitone to a pitch outside the pattern's new key, maintaining the melodic contour. This task therefore requires that the listener compare the pattern of pitch intervals (frequency ratios) between each successive tone, as opposed to the absolute pitches of each tone, as these are always different in the two melodies of the pair because of the transposition. As such, this task requires a more abstract, relational processing, as opposed to the simple melody task, which can be accomplished by direct comparison of the individual pitch values. The subjects were informed before the task that the second melody would always be higher in pitch, and that they should therefore ignore this overall difference in pitch and instead pay close attention to the pattern of notes in order to detect (when present) pitch changes within that pattern.
Tactile tasks
In identical manner to the pitch discrimination, both tactile tasks were designed to produce a discrimination threshold value using a twodown/one-up staircase procedure. One staircase run was completed after 15 reversals and the geometric mean of the value of the last eight reversals was taken as the threshold. Four separate runs were The 'Onset' column refers to the age at which the subjects lost their sight. The 'Duration' column refers to the number of years that the subjects have been blind. The 'LP' column indicates whether subjects still had any residual light perception. EB = early blind; LB = late blind; M = male; F = female.
conducted for each subject, per task. All subjects were tested on a single index finger. For sighted subjects and non-Braille readers, this was the index finger of the dominant hand, as assessed by a handedness survey (modified from Oldfield, 1971) ; for Braille readers, it was the index finger of the hand preferred for Braille reading. On the basis of these criteria, 11 early blind subjects were tested on the right and three on the left index finger; 9 late blind subjects were tested on the right and three on the left index finger; 16 sighted subjects were tested on the right and three on the left index finger. The tasks are slightly modified versions of those previously used by (Alary et al., 2009) .
Texture discrimination task
Subjects were asked to verbally respond whether or not a surface had a uniform texture along its entire length. Fifteen surfaces were fabricated from a flexible polymer (Jiang et al., 1997) . The textured surfaces consisted of a rectangular array (10 cm Â 2 cm) of cylindrical raised dots (flat on top; diameter 1 mm). The transverse spatial period (distance centre to centre between adjacent dots) was 2 mm on the standard surface. For the other surfaces, the spatial period was 2 mm over the first half of the surface and was larger in the second half (anywhere from 2.1 to 3.4 mm in 0.1 mm increments). The experimenter stroked the surface smoothly across over the distal phalanx of the index finger (from proximal to distal) and always began with the 2 mm section of the surface. The experimenter practiced the scans before the testing sessions to ensure that the average scanning speed was approximately constant for all trials and all subjects ($100 mm/s).
Grating orientation discrimination task
Subjects were asked to verbally respond whether or not the orientation of a grating stimuli applied to their index finger was identical or different in two subsequent presentations. The stimuli consisted of a set of eight gratings with equidistant bars and grooves equal to 0.35, 0.5, 0.75, 1, 1.23, 1.5, 2 and 3 mm (JVP, Domes, Stoelting Co.). The grating stimuli were circular (25-mm diameter) fabricated from solid plastic with grooves cut into the surface that were deep enough to avoid contact between the skin and the bottom of the groove when pressed against another. Each grating stimulus was mounted on a cylindrical handle to allow manual presentation. The stimulus was applied for $1.5 s to the distal phalanx of the index finger, and then was applied for the same duration after an interstimulus interval of $1.5 s.
Image acquisition
T 1 -weighted images (3D MPRAGE: echo time = 2.98 ms, repetition time = 2300 ms, matrix size: 256 Â 256 Â 176, voxel size 1 Â 1 Â 1 mm) were acquired on a Siemens TIM Trio 3 T MRI scanner. Using the same scanner, magnetization transfer images were acquired using a dual acquisition (3D radio frequency-spoiled gradient-echo scan with 60 slices of 3 mm thickness and 1 mm in-plane resolution; echo time = 5 ms; repetition time = 34 ms; flip angle 10 ) with and without a magnetization transfer saturation pulse (Gaussian radio frequency pulse of 9.98 ms duration, 1.2 kHz off resonance and 500 effective pulse angle). Subjects were all scanned within 6 months after their behavioural testing session.
Magnetization transfer ratio analysis
Magnetization transfer imaging exploits the exchange of magnetization between the hydrogen nuclei of semisolid macromolecules and free water protons to enable MRI of semi-solid components of tissue such as myelin membranes, whose T 2 relaxation times are too short for them to be imaged directly (Henkelman et al., 2001) . By generating voxel-by-voxel maps of the percentage of decrease in signal caused by a magnetization transfer saturation pulse, the magnetization transfer effect can be quantified to generate an MTR image (Pike, 1996) . A higher value is thus related to a larger magnetization transfer effect and greater myelination. The resulting MTR images were then resampled to 2 Â 2 Â 2 mm voxel-size and non-linearly registered to the ICBM152 non-linear sixth generation template (Mazziotta et al., 2001 ) and convolved with a 3D Gaussian blurring kernel with an 8 mm full-width at half-maximum. 
Voxel-based morphometry analysis
The following steps were performed in accordance with the standard (non-optimized) VBM procedure. All MRIs were submitted to the CIVET pipeline (version 1.1.9; Zijdenbos et al., 2002; Ad-Dab'bagh et al., 2006) . T 1 images were resampled to 2 Â 2 Â 2 mm voxel-size and registered to the ICBM152 non-linear sixth generation template (Mazziotta et al., 2001 ) with a 12-parameter linear transformation (Collins et al., 1994; Grabner et al., 2006) , radio frequency inhomogeneity corrected (Sled et al., 1998) and tissue-classified (Zijdenbos et al., 1998; Tohka et al., 2004) . Resulting grey and white matter images were convolved with a 3D Gaussian blurring kernel with an 8 mm full-width at half-maximum, as commonly used in similar VBM experiments, as an ideal compromise to improve the validity of statistical inferences, reduce interindividual variation, and to obtain good spatial resolution. Statistical analyses (group contrasts and regression analyses) were carried out independently for both grey and white matter images, in the same manner as described above for the MTR analyses.
Results
Behavioural results
The behavioural results for the auditory tasks have previously been published elsewhere (Voss and Zatorre, 2012) . The dependent variables from each behavioural task were entered into seperate ANOVAs to compare overall performance across the three groups. Significant group differences were found for the pitch discrimination task [F(2,43) = 4.104, P = 0.024], the simple melody task [F(2,43) = 6.480, P = 0.003] and the transposed melody discrimination task [F(2,43) = 4.088, P = 0.024] (Fig. 1) . Post hoc Tukey tests confirmed that these effects are driven by the early blind group outperforming one or both of the other groups [pitch task: late blind (P = 0.14), sighted (P = 0.02); simple melody: late blind (P = 0.002), sighted (P = 0.086); transposed melody: late blind (P = 0.036), sighted (P = 0.049)]. As an additional control, we entered the number of years of formal musical training that each subject had as a covariate, and the main group effects for the pitch, simple melody and transposed melody tasks all remained significant (P 5 0.05), indicating that any residual differences in musical training across the groups did not completely account for the advantage shown by the early blind. Significant group differences were also observed for both the tactile gratings task [F(2,43) = 3.685, P = 0.034] and tactile texture task [F(2,43) = 6.275, P = 0.004]. Post hoc Tukey tests confirmed that these effects are driven by both the early (P = 0.007) and late blind (P = 0.027) outperforming the sighted on the texture discrimination task [the two blind groups did not significantly differ from one another (P = 0.894)], and by the early blind group outperforming the sighted group (P = 0.025) on the grating discrimination task [the two blind groups were not significantly different from one another (P = 0.317) nor were the late blind and sighted group (P = 0.516)]. We further explored the role played by previous visual experience by performing correlations between the dependent variables from each task and both the age of blindness onset and the duration of blindness. Only the performance on the auditory tasks significantly correlated with the age of blindness onset (pitch: r = 0.675, P 5 0.001; melody: r = À 0.508, P = 0.007; transposed: r = À 0.419; P = 0.029) where in each case an earlier onset is associated with better Figure 1 Behavioural results. The left column contains the group behavioural performance averages for the three auditory tasks [note that the pitch discrimination task yielded a discrimination threshold (i.e. the lower the score the better), whereas the two melody tasks yielded correct response scores (i.e. the higher the better)]. The graphs in the right column pertain to the two tactile tasks, which also yielded discrimination thresholds. The early blind (EB) performed significantly better than the sighted in all tasks bar the melody task, and better than the late blind (LB) in both melody tasks. The late blind performed significantly better than the sighted (SC) for only the texture task.
performance. The correlation with performance on the texture task was highly non-significant (r = À 0.136, P = 0.5), whereas the correlation with performance on the grating task just failed to reach statistical significance (r = 0.364, P = 0.062). Partial correlations (controlling for age) with the duration of blindness yielded a similar pattern of results (pitch: r = À 0.652, P 5 0.001; melody: r = 0.509, P = 0.008; transposed: r = 0.396; P = 0.045; texture: r = À 0.05, P = 0.807; grating: r = À 0.327, P = 0.102).
Finally, having obtained basic sensory thresholds from multiple modalities, we addressed the question of whether early blind individuals benefit from general and amodal compensatory mechanisms or if such compensatory mechanisms tend to favour the development of heightened abilities in only one modality, perhaps as a consequence of limited plasticity and reorganizational resources. To this effect, we performed correlations between the pitch discrimination threshold and the thresholds obtained from the tactile tasks. We observed a significant correlation between the ability to discriminate pitch and the ability to discriminate tactile gratings (r = 0.507, P = 0.045), as well as a near-significant correlation between pitch discrimination thresholds and tactile texture discrimination thresholds (r = 0.471, P = 0.066). No such correlations were found either for the sighted (P 4 0.15) or the late blind group (P 4 0.32) Figure 2 illustrates the most relevant regions where differences were observed between groups (for a complete list of occipital areas see Table 2 ). When contrasted with the sighted, the early blind showed significantly higher MTR in several parietal and occipital regions, notably in bilateral middle occipital gyrus, bilateral fusiform gyrus, and right supramarginal gyrus (P 5 0.005, uncorrected). The opposite contrast (sighted 4 early blind) did not yield any significant results; however, when lowering the threshold to very liberal levels (P 5 0.05 uncorrected) differences were observed in occipital areas. The comparison of the two blind groups to one another revealed higher MTR in the early blind in several occipital, parietal and frontal areas (see Supplementary  Table 1 for complete list), whereas no areas showed higher MTR in the late blind. These between-blind group findings were further confirmed by a regression analysis that revealed that occipital areas where MTR differed between groups were the same areas where MTR was inversely related to the age of blindness onset (Fig. 2) . The comparison between the sighted and the late blind yielded similar findings, with higher MTR found in the sighted in several frontal and occipital regions, whereas no areas showed higher MTR in the late blind.
Magnetization transfer ratio
Voxel-based morphometry
Four of the six group contrasts (Fig. 3 ) generated significant grey matter differences in occipital areas (P 5 0.0005, uncorrected). See Table 2 for a listing of occipital areas (for a complete list of grey matter differences observed for all contrasts see Supplementary Table 2) . Notably, the early blind were shown to have higher grey matter concentration in several ventral occipital areas compared to the sighted, such as in the lingual gyrus and fusiform gyrus bilaterally. The opposite contrast also yielded significant differences in left primary visual areas (cuneus) as well as in the right middle occipital gyrus where the sighted possessed Figure 2 MTR group contrasts. MTR group contrasts are overlaid on horizontal (top row) and sagittal (bottom row) brain slices (see also Table 2 for more detailed results). MTR was found to be greater in the early blind in several occipital areas relative to both the sighted (first column) and the late blind (third column). Although there was some evidence of lower MTR in the early blind (second column), these differences did not reach the statistical criteria for significance. However, the late blind did show statistically significant MTR reductions in occipital areas (fourth column). The last column (right) shows the areas where MTR was inversely related to age of blindness onset, and is in good agreement with the findings of the early blind-late blind contrast (third column). Occipital/visual peak areas where MTR differences between groups were above T = 2.74 (P = 0.005, uncorrected); where grey matter volume differences were observed between groups above T = 3.60 (P = 0.0005, uncorrected); and where white matter volume differences were observed between groups above T = 3.70 (P = 0.0005, uncorrected). White matter tracts are in italics; significant changes that were located in areas where the opposite grey matter difference was found are in bold. *Significant at P 5 0.05 corrected for multiple comparisons across the whole brain. LH = left hemisphere; RH = right hemisphere.
higher grey matter volume. The sighted were also shown to have more grey matter in several occipital areas compared with the late blind, such as in primary visual cortex, as well as in the inferior, middle and superior occipital gyri. The early blind were also shown to possess higher grey matter concentration in several occipital areas compared to the late blind, such as in primary visual cortex, the fusiform gyrus and inferior occipital gyrus. Finally, no grey matter differences in occipital areas favoured the late blind in any contrast. Again, a regression analysis with the age of blindness onset provided support for these between-blind group contrasts, by showing an inverse relationship between grey matter and the age of onset in the same areas where early blind 4 late blind group differences were observed (Fig. 3) . Table 2 (visual areas) and Supplementary Table 3 (whole brain) list the results for the white matter VBM contrasts. Nearly a third of the significant differences (highlighted) were found in loci where the opposite concentration change was observed in the grey matter contrast, indicating a grey matter/white matter trade-off in these regions between the contrasted groups. White matter concentration was found to be higher in the early blind, relative to the sighted, in several parietal and frontal regions. Similar findings were observed when contrasting the early blind with the late blind, with white matter increases primarily found again in parietal and frontal regions. However both blind groups also showed significantly lower white matter concentration relative to the sighted in several occipital regions. This contrasts with the grey matter findings, where the early blind showed both grey matter loss and gain in different occipital areas relative to the sighted. In addition, the late blind also showed white matter concentration reductions in frontal areas, as well as in the fornix and splenium. Finally, the late blind showed some white matter increases in the right cuneus relative to the early blind. Figure 4 illustrates the different occipital regions for which the MTR in the blind subjects was shown to significantly predict performance scores on the behavioural tasks on which the early blind were shown to be better, as it was our objective to identify changes that underlie compensatory plasticity (see also Table 3  and Supplementary Table 4 ). The resulting coefficients were obtained using voxel-wise regression analyses carried out across the entire brain volume. In all cases, with the exception of the transposed melody task, we identified several occipital areas where MTR significantly predicted behavioural performance (P 5 0.0005, uncorrected). To ascertain whether the MTR differences were located primarily in white or grey matter, we subsequently used the probability maps that were outputted by the CIVET pipeline, that were initially used for VBM analyses, to obtain the probability value for the peak voxel of MTR difference/regression clusters located in a priori regions of interest, namely occipital regions. The probabilities for each peak voxel can be seen in Supplementary Table 5 , and confirm that many of the peak voxels are near white/grey matter boundaries. Indeed, few peak voxels could be clear-cut classified as white matter (with the exception of in the early 5 sighted contrast and the regression analysis with performance on the pitch task) or as grey matter (with the exception of the regression analysis with performance on the grating task).
Regression analyses with behaviour
Lastly, Figure 5 illustrates the different occipital regions for which grey matter concentration was shown to significantly Table 2 for more detailed results). Grey matter concentration was found to be greater in the early blind in several occipital areas relative to both the sighted (first column) and the late blind (third column). In turn, the sighted were also found to have greater grey matter concentration in other occipital areas relative to the early blind (second column) and the late blind (fourth column). The last column (right) shows the areas where grey matter concentration was inversely related to age of blindness onset, and is in good agreement with the findings of the early blind-late blind contrast (third column).
correlate with performance scores on the same behavioural tasks used (see also Table 3 and Supplementary Table 6 ). In all cases, we observed significant correlations between grey matter concentration in occipital areas and behavioural performance (P 5 0.0005, uncorrected).
Conjunction analyses
The regression maps obtained for each task were used in a conjunction analysis to examine whether the neuroanatomy of specific brain areas was predictive to a certain degree of all the tasks used. The conjunction analyses included all tasks except the one pertaining to the transposed melody task, which did not show any correlation between occipital MTR and task performance. The conjunction of MTR regression maps shows a region in the right middle occipital gyrus (x = 48, y = À 66, z = 8; t = 2.39) that appears to be predictive to a certain degree of the performance on all tasks (Fig. 6) . Similarly, the conjunction of the grey matter regression maps shows a region in the right cuneus (x = 4, y = À 74, z = 13; t = 2.92) that seems to be predictive to a certain degree of the performance on all tasks.
Discussion
Until recently, it has been difficult to reconcile the apparent atrophy of posterior pathways and occipital cortical regions after blindness (Noppeney et al., 2005; Shimoney et al., 2006; Ptito et al., 2008) with their apparent functional recruitment across a wide variety of tasks. However, following the finding of increased occipital cortical thickness in the early blind (Bridge et al., 2009; Jiang et al., 2009; Park et al., 2009) , we were able to show that this change actually reflects adaptive compensatory changes in the auditory modality (Voss and Zatorre, 2012 ). This finding suggested the possible co-existence of separate neuroanatomical modifications that occur in the early blind. In accordance with this hypothesis, we provide here the first clear evidence that distinguishes between neuroanatomical changes related to deprivationdriven loss from those related to reorganization and crossmodal compensatory mechanisms. Using a pair of neuroanatomical measures (VBM and magnetization transfer), we not only show the expected atrophy-related grey matter, white matter and MTR decreases in core visual areas of the early blind, in accord with previous studies, but also show increases in both grey matter concentration and MTR in other visual structures that are predictive of behavioural performance, across a variety of auditory and tactile tasks. These findings highlight the importance for future studies of dissociating both at a macro and micro level the anatomical changes related to deprivation from those related to reorganization.
Behavioural findings
The behavioural data constitute a critical stepping stone to understand anatomical reorganization because that is the way we can identify compensatory plasticity, as we discuss below. Briefly, we show that the early blind outperform the sighted on all three auditory tasks as expected based on previous findings Wan et al., 2010) . For all auditory tasks, the late blind's performance did not distinguish itself from that of the sighted. The early blind also outperformed the sighted on both tactile tasks, again consistent with previous findings (Van Boven Figure 4 Task correlations with MTR measurements. Illustrated here are occipital areas where MTR correlated with behavioural performance in the blind for two auditory and two tactile tasks (see Table 3 for more detailed results). Note that occipital MTR did not correlate with performance on the transposed melody task. Occipital/visual peak areas where MTR was found to correlate with behavioural measures in blind subjects T = 3.77 (P = 0.0005, uncorrected); where grey matter volume differences were observed between groups above T = 3.60 (P = 0.0005, uncorrected); and occipital/visual peak areas where grey matter concentration was found to correlate with behavioural measures in blind subjects T = 3.77 (P = 0.0005, uncorrected). *Significant at P 5 0.05 corrected for multiple comparisons across the whole brain. LH = left hemisphere; RH = right hemisphere; Tr. Melody = transposed melody.
et al., 2000; Goldreich and Kanics, 2003; Alary et al., 2009) . The main novel finding here is that the late blind also significantly outperformed the sighted on the texture discrimination task, but not on the grating discrimination task (although the group threshold was still lower than that of the sighted), suggesting that some compensatory adaptations can also occur after late-onset blindness. This follows previous research showing that late blind individuals can also develop heightened specific sensory abilities in the auditory modality Fieger et al., 2006) . Additionally, we found correlations between performance on the pitch task and the gratings task (as well as a trend between the pitch and texture task) only in the early blind, suggesting that they might benefit from some general-purpose compensatory plasticity mechanisms, as opposed to modality-specific ones. To our knowledge this is one of the first indications that compensation at the behavioural level does not develop in a modalityspecific manner, but rather seems to affect multiple modalities in a proportional manner across early blind individuals. This is supported by our finding of occipital regions where MTR and grey matter density are correlated with performance on multiple tasks, as revealed by the conjunctions analyses (Fig. 6) , and is in good agreement with recent neuroimaging findings by Lewis et al. (2010) , which indicated that a large proportion of cross-modal responses observed within the occipital cortex of early blind individuals seemed to be neither task nor modality specific (tactile and auditory).
Neuroanatomical differences
Both of our neuroanatomical measures, MTR and grey matter concentration as assessed by VBM, revealed contrasting changes within visual structures in early blind individuals compared with sighted subjects. We observed lower grey matter concentration and MTR in some visual areas (though subthreshold for the MTR), whereas we observed higher grey matter concentration and MTR in other visual structures, suggesting that at least two different processes are at work here. The observed reductions are likely the result of deprivation-related disuse, and are consistent with several previous reports highlighting the grey matter Figure 5 Task correlations with VBM measurements. Illustrated here are occipital areas where grey matter concentration correlated with behavioural performance in the blind for all three auditory and both tactile tasks (see Table 3 for more detailed results). reductions in visual structures (Noppeney et al., 2005; Ptito et al., 2008) . The observed increases, however, might be related to a form of compensatory neuroplasticity (see below). To our knowledge, this is one of the first studies to simultaneously show both patterns, highlighting the importance for future work of using multiple measures to capture the complex anatomical changes that may be occurring.
MTR changes were primarily located in grey/white matter boundaries, suggesting that pericortical white matter might also contribute to the observed effects. However, it is difficult to resolve which of the two is driving the effect with the resolution used when effects seem to overlap the boundary. Using the grey matter/white matter/CSF probability maps aided in assigning the probability that each peak voxel was either grey or white matter (Supplementary Table 5 ), and confirmed that many of the observed MTR effects were located near grey matter/white matter boundaries. Indeed, few peak voxels could be clear-cut classified as white matter (with the exception of in the early 5 sighted contrast and the regression analysis with performance on the pitch task) or as grey matter (with the exception of the regression analysis with performance on the texture task). Interestingly, auditory pitch discrimination was best predicted by MTR in voxels primarily located in white matter, whereas texture discrimination was best predicted by MTR in voxels primarily located in grey matter. This dissociation could be explained by the occipital cortex's known implication in tactile processing in individuals with normal sight (Sathian and Zangaladze, 2002) , whereas for the occipital cortex to carry out auditory functions likely requires some re-routing of the information in early blind individuals. However further investigations will be required to confirm this hypothesis.
Overall, occipital MTR increases in the early blind (relative to the sighted) were primarily located in secondary visual areas, notably the middle occipital gyrus (bilaterally) and the fusiform gyrus (bilaterally). The fusiform gyri were also sites of increased grey matter concentration in the early blind (relative to the sighted), along with increases in the lingual gyrus (bilaterally). Grey matter decreases in the early blind were primarily located within the ventral cuneus as well as in the right middle occipital gyrus, but more ventrally and posteriorly to where MTR increases were observed. Neuroanatomical changes within visual structures were unidirectional in the late blind, relative to both the sighted and the early blind. Reductions in MTR were found in several visual regions such as the cuneus (bilaterally), the right lingual, inferior and middle occipital gyri when contrasted with the sighted. When compared with the early blind, MTR decreases were found in the cuneus and the middle occipital gyri (bilaterally). Similary, grey matter concentration reductions were observed in several occipital areas in the late blind when compared to both the early blind (cuneus, inferior occipital gyrus, fusiform gyrus) and the sighted (cuneus, the superior, middle and inferior occipital gyri). These findings suggest that even greater atrophy occurs within the visual system of the late blind than in that of the early blind. One possible explanation is that the system is less plastic in the late blind and therefore has limited ability to reorganize itself after the visual loss to allow for compensatory functioning. Such reasoning is in line with the findings of functional neuroimaging studies of late blind individuals that generally show reduced recruitment of visual structures for non-visual tasks compared with early blind, if any at all (see Voss et al., 2010 for review) .
Although VBM provides an objective and bias-free method to test for anatomical effects across the whole brain (Ashburner and Friston, 2000) , it nonetheless remains a gross measure of cortical change as it does not provide detailed information on the nature of the changes. Consequently, grey matter concentration change can only be interpreted as such, since many different factors could contribute to the observed effects. MTR, however, is believed to reflect the presence of large macromolecules, of which the most prominent is likely myelin. Indeed MTR has been shown to correlate with myelin content throughout the entire brain volume (Schmierer et al., 2004; Filippi and Agosta, 2007; Giacomini et al., 2009) . Whether this is from a higher density of myelinated axons or increase myelin thickness cannot be determined from these data. It is worth pointing out that in the current study, many of the MTR effects were observed within grey matter, or near the grey matter/white matter boundary. In grey matter, an increase in MTR reflects either increased myelination or increased cellular density. Although there also is a magnetization transfer effect coming from macromolecules in cell membranes in grey matter, inferring specifics of changes beyond those of increased myelination or cellular density is not possible. Moreover, as there was little overlap between regions where MTR effects were observed and those where grey matter concentration differences were observed, this suggests that the MTR effect might be specifically related to enhanced myelination. These MTR results also suggest that one mechanism for this reorganization may be related to increased myelination of intracortical neurons, or perhaps of fibres conveying information to and from remote locations.
Finally, several differences in white matter concentration were also observed between groups. Approximately a third of these were found in loci where the opposite concentration change was observed in the grey matter contrast (these grey matter/white matter trade-offs are highlighted in Supplementary Table 3) . With regards to visual structures, the blind groups showed white matter loss compared with the sighted. In contrast, no blind group showed white matter increases relative to the sighted. It would therefore seem that within visual structures the early blind show both grey matter and white matter loss, but only show increases in grey matter compared to sighted individuals. It is also worth noting that there was little correspondence between white matter concentration effects and MTR effects. This, however, is not so surprising given that VBM, although a highly sensitive measure, is a relatively non-specific measure of changes in white matter concentration that could be attributable to multiple causes. MTR on the other hand, as mentioned above, is relatively sensitive to the presence of myelin, and is not dependent on any segmentation criteria.
Neuroanatomical changes in non-visual areas
Several regions outside of the typical 'visual' regions were shown to exhibit significant differences between groups Supplementary Tables 1, 2 and 3. Notably, MTR was higher in the early blind in several parietal regions such as the supramarginal and angular gyri. In contrast, the late blind showed decreases in MTR in several parietal regions relative to early blind individuals. It is then perhaps not so surprising to observe that MTR in parietal regions was also highly predictive of behavioural performance across the tasks (Supplementary Table 4) . Indeed MTR in the supramarginal/angular gyrus and the superior parietal lobule was shown to correlate with the ability to perform the pitch and the transposed melody tasks, whereas MTR in the supramarginal gyrus was predictive of the performance in the two tactile tasks. The supramarginal gyrus has previously been proposed to underlie tactile pattern working memory (Li Hegner et al., 2007 , which is in good agreement with the processing required by our tactile tasks here. Similarly, the superior parietal lobule, particularly around the banks of the intraparietal sulcus, is known for its role in melody discrimination tasks, particularly those involving transpositions and that require transformation of an input stimulus (Foster and Zatorre, 2010) .
With regards to grey matter concentration, no increases were observed outside visual areas in the early blind relative to the sighted. However the late blind show numerous areas of grey matter reduction relative to both the sighted and the early blind across the entire brain. Parietal cortex has particularly less grey matter in the late blind relative to the early blind, whereas the grey matter decreases are widespread across all four lobes relative to the sighted, suggesting that visual loss occurring in adulthood causes significant brain wide effects. Finally, regression analyses performed with grey matter concentration across the whole brain again showed areas within the parietal cortex to be the most predictive, outside of typical visual areas, of many behavioural abilities in the blind Supplementary Table 6. However these regions are more diverse from task to task than those that correlated with MTR.
Neuroanatomical correlates of behavioural enhancements
Disentangling anatomical changes that are related to reorganization, as opposed to those related to sensory deprivation and consequent atrophy is not so simple, as increases or decreases in any given anatomical variable do not map neatly onto what may constitute compensation. Indeed, certain studies of plasticity have noted learning-related reductions in white matter structure (Taubert et al., 2010) . Thus, documenting changes in multiple anatomical measures is necessary, but not sufficient to establish their functional significance; to do so we must therefore turn to the relationship with behaviour.
One of our primary goals was to identify neuroanatomical markers of plastic changes that are associated with significant compensatory behavioural changes after visual loss. Using two different anatomical measures, MTR and grey matter concentration as assessed by VBM, we were able to establish significant relationships between these measures and behavioural performance scores. Four of the five tasks used produced significant correlations between MTR in occipital areas and behaviour (the transposed melody task being the exception), whereas all five tasks produced significant correlations between grey matter concentration in occipital areas and behaviour. MTR in the middle occipital gyrus appears to be especially predictive of performance in all tasks, as evidenced by the conjunction analysis illustrated in Fig. 6 . This is also in good agreement with the group contrast analyses, which showed that MTR was greater in this region in the early blind compared to the sighted, suggesting that these differences are the result of compensatory neuroplastic processes in the early blind. The middle occipital gyrus is typically considered to be part of the dorsal visual stream and to subserve visuo-spatial processing (Haxby et al., 1991) . Functional neuroimaging studies of early blind have strongly suggested that this region primarily subserves similar functions for both the tactile and auditory modalities in this population (Renier et al., 2010; Collignon et al., 2011) . This multimodal recruitment of the middle occipital gyrus is consistent with our finding of MTR being predictive of performance on several tasks from different input modalities. Although this area was most heavily recruited when carrying out spatial tasks, it was nonetheless also significantly recruited by non-spatial tasks (e.g. pitch discrimination) in the early blind, relative to sighted controls (Renier et al., 2010; Collignon et al., 2011) . Therefore, our finding that the MTR in the middle occipital gyrus is predictive of several distinct and multimodal behavioural abilities in the blind is quite consistent with those of the functional neuroimaging literature. Indeed, there is growing evidence that electrical activity in axons can modulate and regulate the sequence of cellular events that are essential for myelination, both through oligodendrocyte processes and the activity-dependent release of glutamate from axons (Wake et al., 2011) , thus providing a strong link between previously observed neurofunctional results and the present MTR ones. Overall, the MTR findings fit well with a model where disuse atrophy-related changes are restricted to more low-level primary visual areas, whereas compensatory cross-modal reorganization is primarily located in more higherorder visual areas.
The VBM findings, however, only partially fit such a model of sensory deprivation reorganization. Areas showing grey matter reductions are again primarily located in primary visual cortex. However, grey matter concentration in the middle occipital cortex was also significantly predictive of performance across tasks in the early blind, whereas the primary area of commonality seems to lie within the cuneus, as evidenced by the conjunction analysis illustrated in Fig. 6 . This contrasts with the overlap between the regression and contrast maps observed with the MTR, as the cuneus was the primary occipital site where the sighted were shown to have greater grey matter concentration than the early blind, suggesting that despite the atrophy in this region, it can still serve a functional purpose in the blind. Although it indeed seems that the cuneus becomes vulnerable to atrophy following blindness, it is better preserved in those who show compensatory behavioural abilities. It is conceivable that practice in harnessing these abilities helped preserve some of the grey matter through structural reorganization to allow for cross-modal processing in these regions. These grey matter findings are consistent with those of functional neuroimaging studies that show V1 (cuneus) to be highly responsive to multiple non-visual inputs after blindness (Sadato et al., 1996; Rö der et al., 2002; Amedi et al., 2003; Burton et al., 2003; Gougoux et al., 2005) . More importantly, several of these studies have shown its activity to be predictive of behavioural performance (Rö der et al., 2002; Amedi et al., 2003; Gougoux et al., 2005) , highlighting the region's importance for non-visual processing in blindness, despite grey matter loss found both here and in previous studies (Noppeney et al., 2005; Ptito et al., 2008) .
Overall, we were able to identify several neuroanatomical markers of compensatory behavioural adaptations within occipital regions of the blind. Both grey matter concentration (particularly in the cuneus) and MTR (particularly in the middle occipital gyrus), which is believed to reflect myelin content (Schmierer et al., 2004) , were highly predictive of the individual ability of each blind participant to perform auditory and tactile tasks. These structural changes are likely to play a determining role in how the occipital cortex becomes responsive to non-visual input, which in turn enable the development of heightened abilities in non-visual modalities.
